MUSCLE PERFORMANCE declines with intense use as every physically active person recognizes. The mechanisms involved have been widely studied (2) and vary with the intensity, duration, and mechanics (shortening, isometric, stretching) of the contractions involved. While performance and fatigue obviously have contributions from the central nervous system, a common experimental approach avoids these complications by studying isolated muscles. A typical approach uses an isolated muscle, perfused with physiological saline at room temperature, and stimulates isometric tetani repeatedly until the force is substantially reduced, e.g., Fig. 1 .
Of course such methods have many limitations, some of which are well recognized. For instance, only relatively recently was it realized that the "lactic acid theory of fatigue" was very important at low temperatures (frogs in winter and mammalian muscles at room temperature) but of minor importance in mammalian muscles close to 37°C (8, 10) . Another well-recognized problem is that isolated whole muscles without circulation will tend to have an anoxic core and also accumulate extracellular K ϩ , so that the mechanisms of fatigue in such a preparation are modified by these issues. To overcome the core accumulation problem, smaller preparations, such as single fibers, are often used, but these present another series of possible artifacts; for instance, they will not show the accumulation of extracellular K ϩ that occurs in a bloodperfused preparation.
Studies on isolated single fibers, in which metabolites and ionic levels can be measured, coupled with studies of skinned fibers, which allow the effects of metabolites on contractile proteins and Ca 2ϩ release from the sarcoplasmic reticulum (SR), have provided the following view of the mechanisms of fatigue (Fig. 1) . Note that these mechanisms apply to isolated single muscle cells at room temperature, stimulated to give maximal, repeated isometric tetani. Under these circumstances, force falls in three phases. Phase 1 involves a reduction of force to 80 -90% control over ϳ1 min and is generally thought to be caused by the inhibitory effect of inorganic phosphate (P i ) on the transition of the cross bridge to its high-force state (7). In phase 2, force is relatively constant and production of ATP from aerobic and anaerobic breakdown of glycogen matches the rate of ATP consumption. In phase 3, force starts to decline again caused principally by the reduction in SR Ca 2ϩ release (reduced Ca 2ϩ transients) coupled to reduced sensitivity of the contractile proteins to Ca 2ϩ . The mechanism of the decline in Ca 2ϩ release is still debated (1). The above conditions are obviously artificial, and many studies of fatigue have been performed in intact animals and humans to minimize these problems. Equally obviously the range of investigations available in an intact animal is more limited and it is consequently more difficult to pin down mechanisms. Thus another approach is to progressively make the isolated muscles "more physiological" by raising the temperature, using shortening contractions instead of isometric, perfusing through the circulation with blood, etc. In this context, the study in the Journal of Applied Physiology by Roots et al. (9) utilized isolated, small bundles of fast fibers from rat muscle and looked at their performance at a range of temperatures (10 -30°C) and when shortening contractions were used instead of isometric contractions. One striking result was that the rate of fatigue was slower at 30°C than at 10°C. This is surprising because most earlier studies have reported faster fatigue at near-physiological temperatures (4). This is often Fig. 1 . Schematic of fatigue in an isolated single fiber at room temperature stimulated with repeated, brief isometric tetani. The 3 phases of force decline are identified and relevant intracellular changes noted.
explained by the fact that ATPases will be faster at higher temperatures, so that ATP consumption and P i production will accelerate. Of course ATP resynthesis will also accelerate so this argument alone is incomplete. Roots et al. (9) make the point that the sensitivity of force production to P i also falls with increasing temperature (5) and propose this as the explanation for their effect. A full quantitative analysis will require P i measurements during fatigue at different temperatures in addition to the sensitivity changes, and this analysis remains to be done. Of course many other issues may contribute to the temperature dependence of fatigue, for instance the increased reactive oxygen species production that occurs at higher temperatures (3) .
A second interesting conclusion from the study by Roots et al. (9) was the finding that muscles fatigued more rapidly when contractions involving shortening were compared to isometric. A plausible explanation is that shortening contractions consume ATP at a higher rate than isometric contractions (6), so that P i accumulation is greater and the depressive effect of P i on force production is also increased. While plausible, this argument has not been quantified and other mechanisms may well contribute to the effect.
Studies of fatigue have reached the point where the mechanisms are moderately well defined in some simplified preparations. An important challenge is to extend these studies to more physiological conditions, and the study by Roots et al. (9) is a valuable step in this direction. A greater challenge is to define the mechanisms of fatigue in human diseases, e.g., heart failure, serious infections, etc.; identification of these mechanisms is necessary before attempts can be made to ameliorate such conditions.
